e previous models of rolling-type mechanisms were built based on rigid contact and pure rolling motion, but when applied to ground microvibration isolation, a large error in the natural frequency was sometimes observed in the experiments. A new model of a common mechanism based on completely elastic contact is developed, and the expression of the natural frequency is provided under a microvibration condition. e experiments and analysis show that the proposed model is more accurate than the previous model, and the natural frequency is independent of the payload. e analysis shows that the proposed model is only suitable in the range of completely elastic contact, and the load range is provided after comparing the experimental results with existing theory.
Introduction
Many scholars have paid attention to rolling-type systems for seismic isolation during the past years, and many different rolling-type mechanisms have been proposed [1] [2] [3] [4] [5] [6] [7] .
e previous models were all built based on rigid contact [8] . Natural frequency is one of the most important indexes used to evaluate the performance of an isolator. However, when these mechanisms are applied to microvibration isolation, huge error in the natural frequency is sometimes observed in the experiments, such as errors exceeding 100%, 250%, and 100% in the previous studies [5, 6, 9] . us, some issues need to be reconsidered.
First, practical works occasionally display considerable differences. For example, in a seismic vibration, the amplitude and acceleration of a horizontal vibration can be more than 10 cm and 1 × 10 −1 g, but for a ground microvibration, the two indexes can be less than 2 µm and 1 × 10 −4 g [10] [11] [12] . Second, the practical state of motion is a rolling slide, instead of a pure rolling, based on the contact mechanics and creep theory of a wheel and rail system [13] [14] [15] . Many researchers have already discovered creepage and slide in seismic isolation experiments, namely, Dona et al. [16] and Matta et al. [17] . However, the previous models all neglected the slide behavior, and the effect of a slide on the natural frequency remains unknown. ird, Guerreiro et al. [18] found that rollingtype isolators are more suitable for light payload, but the boundary condition of light and heavy payloads was not provided.
e previous models based on pure rolling motion and rigid contact did not consider the abovementioned problems. e present study, which is based on rolling-slide motion and elastoplastic contact, attempts to determine the reasons for the huge error in the natural frequency. Figure 1 shows a general rolling-type mechanism of an elastic ball placed between two elastic bowls, which was proposed by Zhou et al. [2] . Symbols m, r 1 , and r 2 , represent the payload, ball radius, and radii of the upper and lower bowls, respectively. e natural frequency of Zhou's model is expressed as ����������� � g/(2(r 2 − r 1 ))/(2π), which is only relevant to structural parameters that are independent of the load and material parameters; g denotes the gravitational acceleration. e rest of this paper is organized as follows. In Section 2, the modeling process is presented. In Section 3, some experiments and analysis that were conducted are provided.
e conclusion is presented in Section 4.
Modeling
e schematic diagram of the general mechanism in the rolling-slide motion state is shown in Figure 2 . Usually, rolling motion is accompanied by elastic deformation and creepage between the contact interfaces, and the actual state is called rolling-slide motion. erefore, a di erence exists between the center and circumferential displacements, as shown in Figure 2 . e displacement in the spherical center is denoted as L, and the displacement in the spherical circumference is expressed as L + δ 1 + δ 2 .
e elastic deformation and creep displacement are denoted as δ 1 and δ 2 , respectively [19, 20] .
e ratio between the displacement di erence and center displacement is called the elastic creep rate. When two cylinders contact, the displacement can be expressed as follows [19, 20] :
In equation (1), μ is the sliding-friction coe cient, which can be obtained by measurement experiments or by checking the mechanical design manuals, r 1 is the radius of the ball, F n is the normal pressure, which can be approximately treated as the gravity of the payload, and T is the rolling-resistance moment.
According to a similar method in the literature [19, 20] , the elastic creep rate of the contact of two balls with each other can be obtained as
where E is the equivalent elastic modulus. r and E can be expressed as equations (3) and (4), respectively [15] : 1 r
In equations (3) and (4), υ 1 and υ 2 are Poisson's ratios of the ball and upper and lower plates, respectively (here, we assume that the upper and lower plates are made of the same material). E 1 and E 2 are the moduli of elasticity and the elastic modulus of the ball and upper and lower plates, respectively. r 1 and r 2 are the radii of the ball and the upper and lower plates, respectively.
In addition, we have the following relationship:
e horizontal and vertical displacements of the system are expressed as
e kinetic energy is expressed as
Because creep displacement δ 2 does not store potential energy, the potential energy of the system consists of two parts, namely,
where V 1 is the gravitational potential energy and V 2 is the elastic potential energy due to the elastic deformation between the contact surfaces. Because δ is usually much smaller than L, V 1 can be approximately expressed as
e elastic potential energy represents the sum of two contact surfaces of the upper and lower parts, which can be expressed as
In equation (10), tangential contact sti ness k t is expressed as follows [15] :
In equation (11), υ denotes Poisson's ratio and G denotes the equivalent shear modulus, which can be expressed as follows [15] : Shock and Vibration
In equation (11), a denotes the radius of the contact area, which can be expressed as follows [15] :
e kinetic equation of the conservative system can be obtained by the Lagrange equation:
After the introduction of various types of simpli cation, we can obtain
e natural frequency of the system can be expressed as
According to Hertz contact theory, the round interfaces of the ball and bowls can be divided into a slide and an adhesive area, as shown in Figure 3 . e ratio of the radii of the adhesive area to the contact area is expressed as follows [15] :
where c and a are the radii of the adhesive and contact areas, respectively, and F x denotes the tangential force. Under a microvibration condition, horizontal-vibration acceleration a 1 is generally less than 1 × 10 −4 g [10] . F x has a maximum value of ma 1 . e sliding-friction coe cient is between zero and one. r 1 is 0.0125 m. r 2 is 0.32 m. E 1 is 6.06 × 10 11 Pa. E 2 is 6.06 × 10 11 Pa. υ is 0.28. e ratio of the adhesive and contact areas is shown in Figure 4 . Figure 4 shows that the ratio of the radii of the adhesive and contact areas is very close to one, which means that a slide area barely exists. en, we have
erefore, equation (2) can be simpli ed as
Equation (18) shows that the di erence in the center and circumferential displacements is induced by the elastic deformation of the adhesive area under a microvibration. us, the elastic creep rate can be approximately treated as the ratio of the elastic deformation and center displacement, as expressed in equation (19) .
According to equation (19) , equation (16) can be rewritten as
Equation (20) indicates that the natural frequency in this study is larger than that in Zhou's model because the elastic potential energy stored in the contact interfaces increases the total potential energy.
Experiments and Analysis
e experimental device is shown in Figure 5 . e isolator contains a top frame, a bottom frame, and three rolling-ball mechanisms. e top and bottom frames consist of the same two equilateral triangles with a side length of 0.2 m and thickness of 0.012 m. Each rolling-ball mechanism is a sandwich structure in which a ball is placed between the upper and lower bowls, and the three rolling-ball mechanisms are evenly distributed at the three angles of the two equilateral triangles. e ground microvibration acts as the input signal, which is attenuated by the isolation system, and the load vibration acts as the output signal. e natural frequency is the core index, which is measured to evaluate the vibration isolation performance. 
Shock and Vibration
To obtain a lower natural frequency, the structural parameters are selected as follows: r 1 is 0.0125 m and r 2 is 0.32 m. e ball material is K20H hard alloy. Four different materials are used in the lower and upper bowls, which are K20H hard alloy, 45# steel, 6061 aluminum alloy, and AZ91 magnesium aluminum alloy. Young's moduli of the abovementioned materials are 6.06 × 10 11 , 2.06 × 10 11 , 7.20 × 10 10 , and 4.50 × 10 10 MPa, respectively. e slidingfriction coefficients are approximately 0.4, 0.2, 0.2, and 0.2, respectively [15, 21] . e initial payload per ball is 0.9 kg for the self-weight of the top frame and output sensor, and the load of the single ball is increased by 0.72 kg at each interval.
e data are measured three times, and an average value is obtained. Figures 6(a)-6(d) show the results of the measured data and theoretical curves. What we notice is that the critical normal stress when the initial yield occurs exhibits the following trend [22] :
where σ y is the yield strength of the material and C v is the coefficient determined by an fitting equation given by Jin and Chen [22] :
By combining equations (21) and (22), the critical normal stresses of 45# steel, 6061 aluminum alloy, and AZ91 magnesium aluminum alloy are 440, 720, and 256 MPa, respectively. e maximal normal stress is expressed as follows [15] :
where F n is the normal pressure, which can be approximately treated as the gravity of the payload mg. By combining equations (21) and (23), the masses corresponding to the critical normal stress are 7.7, 10.55, and 4.66 kg, respectively, which are approximately equal to the turning points of 7.38, 10.26, and 4.51 kg, respectively. For the K20H hard alloy, the mass corresponding to the critical normal stress is 26.70 kg; thus, a turning point is not shown in Figure 6 (a). e aforementioned analysis shows that the proposed model is only suitable in the range of completely elastic contact, which means that the following equation must be satisfied:
If the payload exceeds the range, the bowls and the ball are elastoplastic contact. From Figure 6 , we can see huge error will be observed in the range of elastoplastic contact. A future work of elastoplastic contact behavior of the mechanism will be carried out.
Conclusion
A general mechanism has been studied based on completely elastic contact, and some conclusions that are also suitable for other rolling-type mechanisms applied to microvibration isolation can be made as follows. First, in the region of completely elastic contact, the proposed model was more accurate than the previous model from the comparison of the measured data, and the model is only suitable in a given range. Second, in the region of elastoplastic contact, the natural frequency increased as the payload increased, and huge error will be observed. 
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